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OVERVI EW

The Wide ¥i el d and }’' 1 anctary Camera (W¥PC) is the pri NGl pal
i nstrument of the Hubbl e Space 7Tel escope (1S 17) , occupyi ng the
central port i on of the tel escope ’s focal pl ane. The Wide ¥i el d
camcra meets the ori gi nal 1 y conceid ved requi rement f or an i magi ng
device that covers a square fiel d of view 2.67 arc minutes On g
side with a pixel sizeof o1 arc seccond. The so-cal 1 ed P|] anetary
Canera of WFPC offers a 1 onger effective focal 1 ength over a
smal 1 er field (yielding O 043 arc seccond per pixel ) to better
sampl ¢ the poi nt spread functi on of the tel escope for criti cal
de finition i magi ng. The firsl generation WrpCc (WKFPC-1 ) was
initiated in late 1977 and 1 aunched with the HST in April, 1990. A
second generati on backup i nst rument (W¥PC-2 ) currently schedul ed
for launch i n 1 ate 1993 wi 11 carry correct jye optics to restore the
f'] awed vi sion of the HST. The present paper traces the hi story of
these devel opments.

EARI Y HISTORY

The concept of a 1 arge astrononi cal tel escope orbi ti ng above
the karth ‘s atmosphere [ 1] was f i rst proposed by Prof. 1 yman
Spitz er, Jr. of Yal e Universi ty (later professor at Pri nceton
University) in the late 1940’s. A tel escope operati ng above the
atmosphere. has mny inherent advant ages over ground based
obscrvatori es: resol Ul j on is not. degraded by atmospheri c "secei ng"
and SO can approach a 1imit. ireposed on] y by diffract ion; the
accessibl e spect ral regi on can be ext ended far i nt o the vacuum
u] travi ol et be] ow 330nm, whi ch is i naccessibl e to ground based
observatori es because the atmosphere i s opaqgue at. these
wlavolg cngths. An orbi Li ng observatory can al so operate around the
Cl OCK.




After the formt. ion of NASA the. concept was studied
extensively in the '60's and ecarly ‘70’s. First conceived as the
") arge Space Telescope" (1g7) of up to 5 meters ’ ape. rture | jits nane
was 1 ater changed to Space 7Tel escope (587) when the Space Shuttl e
becanme the 1 aunch vehi ¢l ¢ of choice in 197 [ -2 ] , and t-he 8¥’'s
aperture had to be constrained to f-it wi thin the cargo bay of” t-he
Shuttl e. Wien the ST Project. was approved for f 1i ght under the
di rect j on of the Marshal 1 Space ¥1ight Center in 1 ate 1976 (the
start. of fiseal 1977) the base) ine design cal led for a 2.4m ¥/24
tel escope With five sci entif j¢inst ruments  or s1'sas they are
Cal 1ed. 1n additi on, there were of course al 1 the usual 1y regui red
spacecraft. systems p] us a very high perfornmance poi nti ng control
system usi ng a set of kine Quidance Sensors (collectively called
the ¥68) . The FGS is capabl ¢ of stabi 1l i zi ng the observatory to
wi thin 4 O 007 arc seconds for extended peri ods of time. ¥i gure 1
shows a cutaway draw ng of the conpl eted observatory.
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An addi ti onal and uni que constraint (for a scienti fic
obscrvatory) was the requi rement jreposed on the s1T that i t. be

designed to be serviced i n space. This concept uses the Space
Shuttl e to carry astronauts to engage i n kxtra Vechi cul ar Act iviili es

for servi cing purposes. 7The f irst demonstrat j on of this capabi 1 ity




will be the servicing mission schedul ed for 3 ate1993, in which
corrective opti cs for the f] awed HST primary wi 11 be instal 1 ed,
a] ong wi th other repairs and rep) acements.

JHE FIRSY GENERATION WKPC

The i nstrument that became WFKFPC-1 was se) eccted on a
competlitive basis as a Pl (Principal Investigator) 1 nstrument
t hrough an Announcement of Opportuni ty i ssued by NASA in 397 [ & ]
Prof. Janes A Westphal of cal tech and hi s team were sel ected in
19°/7 to devel op it as the prime imaging instrument. Prof. Westphal
had arranged for the camera to be bui 1l t by Jet. Propul si on
laboratory (J PI) , which i s managed by Cal tech for NASA At the time
of sel ect i on the canera was to be delivered in 1980 for a 1982
1 aunch. The concept of the canera evol ved rapidly i n the early
post-proposal phases of i ts design, u] timatel y acquiring the dual
focal rati os that 1 cd to the nanme WFPC. Figure 2 is a cutaway
drawi ng showi ng the principal features of Wrprc-1 .
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Rep] acement instruments were to be avai 1 abl e to support
Servi ci ng Mji ssions on a five year i ncremental time i nterval . Del ays
and changes i n the Shuttle devel opnent program caused consequenti al
del ays i n the devel opnent of both the ST and the S1 's associ atead
W t-hit., This resulted in del ays to both the 1 aunch and the
i nitiation of the devel opment Of the "second generati on" sci enti fic
I nstruments. 1 n 1984 wi th the 11S1' scheduled for 1 aunch in 1986, a
deci sion was rmade to obtain a dupl icate -- or “cl one" -- of the
first W¥/PC to ensure that the HST imaging capabi 1 ity was
backst opped. This second canera was to be delivered in 1988 [ 2]
With the chal 1 enger acci dent of’ January 1986, the p] anned 1 aunch of
the HST was de] ayed to 1989. C early the second canera woul d not be
required as car] y as 3988; hence its devel opnent was stretched out
to preserve resources. A fortui tous scientific result of this
ci rcunstance was the opportuni ty to reassess the requi rements for
achi evi ng good UV performance of the instrunent. 1 n particul ar, the
performance shortward of’ 200nm was of great interest and sone
judicious i mprovement s were identif i ed to ensure that the ruv
performance of the camera would not. be conprom sed. Key issues were
(1) the use of material s that had ultra-low outgassing properti es,
(2) use of materi als that WOUI d not. tend to condense on surfaces at
-“foe, ( 3 ) devel opment of inproved ruv cCD per formance, and ( 4 )
se] ecti on of an upgraded fi 1 ter set.

The HST was 1 aunched on Apri 1 24, 1990 from the Kennedy Space
Center. At that tine, the second canmera was schedul cd for de] i very
in the 1995 time frane.

SPHERICAL ABERRATION

The first images returned from the observatory in May of 1990
showed abnornal characterist i c¢s and various dai fficul ties were
encountered in " fine tuning" the tel escope’s performance. From
extensive exam nati on of the images the conclusi on was reached by
the sci ence team and workers at J] ’'I, and the Space Tel escope

Inst itute, that. the HST opti cs were 1 awed by a 1 arge neasure of
spheri cal aberrati on.

1 t was recogni zed alnost from the outset that i f the primry
mi rror of the HST happened to be the cause of the probl em (as the
resul t. of havi ng an i ncorrect aspheri c shape) , the fix woul d be
rel at ivel y straightforward, at 1 east for wrrc. 1 n WrpcC there are
ei ght two-mi rror relays that serve to re-image the prime focus of
the tel escope onto the detectors at, ¥/12.9 ( for the wrc node) and
¥/30 ( for the PC) . For techni cal reasons thesec optical systenms were
desi gned to form real images of the HST primary mi rror at certain
1l ocations withi n each relay canera. 1 n the case of the WKFC the HST
primary mirror i S re-imaged at. precise] y the position of a smal 1
convex mrror serving as the rel ay secondary mirror of the rel ay.
1 nthe pc, t-he HST primary is reimged rel ativel y cl ose to the



rel ay secondary. Hence it came about that a defect of the HST
primary could be conpensated by introducing an equal but opposite
"defect" on small elenents loca ted at or near an image of the HST
primary. This is il lustrated in figure 3.

It was not initi al 1 y known whether in fact the defect COU d be
ascri bed to the primary mi rror of the tel escope, or whether it was
caused wholly or partly by errors of the secondary mirror of the
tel escope . 1 f significant errors of the secondary of 11ST were
invol ved, the simpl e f i X in WFPC coul d not correct the probl em
except for a tiny fraction of the intended ful l field of view of
the instrument.

The exact nature of the defect and the fact that it i s
restri cted to the HST primary mrror were eventual 1y we] 1
establ ished, but extensive studies were necessary to establ i sh
these paraneters in the year fol ]l owing the discovery of the
probl cm A Board of 1 nqui ry had been set, up under the chairmanship
of JprIl, Di rector Dr. 1Iew Allen[ 3], to determi ne how an error had
occurred and escaped detect i on during the manufacture ng process.

A second, nore detai l ed techni cal i nvestigati on of the
aberrati on was conducted by a team known as the Hubbl e 1 ndependent
Opti cal Review Panel (H1 ORP) , chai red by Prof. Duncan More of the
Universi ty of Rochester 's 1 nstitute of Opti cs and sponsored by the
Goddard space F1 i ght center (Gs¥c) under the 1 eadership of Dr. H
John Wood[4 ,5]. in particul ar, it becane the primary responsibility
of the H ORP to full y character ze the opti cal system of HST
t hrough studies of the optical test tooling used in making the
optics as wel 1 as through analysis of the on-orbit imges --
activiti es that cane to be known as "image inversi on anal ysi s" and
| " prescript.ion retri eval". The investigations of the HIORP
eventual |y converged to show that the only significant defect was
that the HST primary mirror’s hyperbolic shape had an incorrect
eccentricity: its conic constant was sonmewhere bet.ween -1 .0135 and
-3.0340, instead of the intended value of -1.0023. This neant that
the fix for WFPC would be simple enough in principle, and the HST' S
flaw had been guantified we]. ] enough that the project to inplenent
the fix COUl d go ahead. 1.1 kCW se, p] ans for COSTAR devel oped by t-he
Space Tel escope Science 1 nsti tute to conpensate the aberrati on for
the axial instrunents coul 4@ also be i mpl emented wi th conf i dence.

The akberrati on of the HST al so gave ri sc to the devel opment of
a variety of image restorati on al gori thins whose purpose is to
recover as much as possi b] ¢ of the i ntended i magi ng perfornmance of
the tel escope by removi ng the blurring cf fects of the aberration
[Cf. ref 6].
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At the time HST was 1 aunched, and its optical f 1 aw discovered,
many parts of Wrpc-2, including its optical conponents, had already
been fabricated. However, the instrument was still about four years
away from its planned date of conpletion. Under the pressure to
recover from the defect of HST, the schedule to conplete WrPC-2 was
accel erated, and to its 1 ist of functional requirenents was added
the requirenent that its optical system be nodified to correct the
spheri cal aberration of the telescope to the fullest possible
extent. For the Wrc the solution was to change the relay secondary
shape to include an aberration equal and opposite to that in the
HST. For the PC, a small previously flat " folda" mrror had to be
made slightly convex so that nsT primary mrror would be focused
precisely on the relay seccondary. The PC secondary could then be
used in the sane manner as that in the wrc. The specifications for
the pre- and post-aberration optics are given in table 1 .
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in principle, these adjustnents to the opti cal design of WrpC-
2 are able to alnost ful 1y correct the f 1 awed performance of HST
over the full f i eld of vi ew of the instrunent, provided the
conponents arc manufactured to ti ght (but reali sti c¢) tol erances,
and provided the reqguesite al i gnment tol erances are al so net.
However , an enti rel y new contrai nt that did not exi st for WFpC-1is
that the inmage of the HsT primary fornmed on the correcti ve relay
e) ement nust be preci se] y centered there, to withi n 1 ess than 1
percent, of its dianeter. If this «“pupi 1 centration Is not
mai ntai ned, another aberrati on -- coma -- | S i nt roduced, quick] vy
de feati ng the purpose of the correcti ve optical design and
destroying the abil ity of HST to detect and resolve the faintest
astronomi cal sources.




Fixing the Aberrat ion

To make the conceptual fix a reality, much work was needed.
Some of the tasks to be undertaken were foreseeabl ¢ at an early
stage. The initi al p] an of attack i ncl uded four key e] enents:

-t0 deduce accurate] y and with high conf 1 dence the actual
error built into the HST optical system

-t0 produce an appropri atel y revised optical prescript i on for
Wl «pC-2 that wi 11 correct the HST aberrati on;

~{o ensure by analysis that WrpCc-2 wi 11 be proper] y located in
rel ati on to the HST focal p] ane;

-t 0 accel erat e the devel opment of WrpC-2 by three years so as
to meet a new] y p] anned 1993 servi ci ng mi ssion 1 aunch date.

The first of these el ements of the p] an canme to occupy the
attenti on of many workers at Jpl, the Space Tel escope 1 nstitute ,
Goddard Space F1 ight Center, and in i ndust ry f-or a peri od of al nost
a year. Two main approaches were possi b] e. The f irst involved a
pai nstaking series of i nvestigati ons of the tool i ng and test
procedures used i n manufacturi ng and testi ng the HST primary and
secondary mi rrors. The second approach i nvolved di agnosis of the
performance of the opti cal system using star i mages recorded by the
observatory in orbit. It was clear that, high confidence in the
concl usi ons 0f these di agnoses woul d be possibl e on] y if the two
approaches 1 ed to essenti al 1y the sane answers.

1 n fact, t h "reverse c¢ngineering™ of a severe] y f] awed
opt i cal system fromanal ysis of star images made with it is an i111-
posed mat hemati cal probl em whose sol uti on requi red a the i nvent i on
of new nmethods. 1 n the course of it, a variety of techni cal
approaches were proposed and investigated. From the proposed
approaches ten were se] ected for detai 1 ed i nvestigation by separate
teans of experts; these are summari zed in ‘|’ able 1. An series of
observatl i ons Wth the HST was undertaken to acqui re a vari ety of
stel 1 ar images for use in these anal yses.
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Squares Algorithm, Jet Propulsion Laboratory, October 18, 1991

6. C. Roddicr and F. Roddicr, Reconstruction of the Hubble Space Telescope Wavefront Distortion
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7. M Liwak, Image Inversion Analysis of the 11SI O1 A (Hubble Space T elescope Optical
Telescope Assembly), 1 KW, 57661, March 1S5, 1991, revised July 18,1991,

Measurements 0Of the test tool i ng i n 1990 showed that the
apparatus used in making the HST opti c¢s contai ned one (and on] y
one) signi ficant error: a l ens ferm ng a part of the nul 1 corrector
that was used i n maki ng the pri mary mi rror was found to have been
wrong] y 1 ocated by about 1.3 mi 11 i neters. As a result, the primary
mi rror of the HST woul d have been preci se] y poli shed to a
hyperbol i ¢ shape but the hyperbol ic shape WU have had an
i ncorrect eccentri ci ty (or coni ¢ constant) . petails of the anal yses
1 eadi ng to this concl usion have been pub] i shed el sewhere by ORA ‘and
lauri e Fury of HDOS.

The resul ts of investi gati ens. of on-orbit images took 1 onger
to converge? to a singl e answer. 7This was part] y due to the need to
gradual 1y debug and perfect. the conputer al gorthms that were new vy
bei ng devel opcd. Wen nost. of these investi gati ons di d converge,
however, it was to a result that differed slightly, but
significant] y, fromthe answer provi ded by the test tool ing - the
so-cal ]l ed fossi 1 evi dence. The recason for the discrepancy was
eventual 1y discovered and understood: the optics i n WrPC-1, while
excel 1 ent enough to meet WrpC-1 speci f i cati ons, were not. perfect.
Wien the contributi on of the Wrpc-1 opti cal imperfecti ons (a smal 1
resi dual amount of spheri cal aberrati on) was determined fromtest
records at ap1, and taken i nto account., +the ai fference between the
manufacture ng tool ing and the anal ys is of on-orbit images was j ust
what. woul d be expected. The fossi ] evi dence, therefore, coul d be
trusted to represent to hi gh preci sji on the prescription of the
opli cal system of the nst i n orbit .

As a practical matter to meet an accel crated del ivery
schedul ¢, it became necessary to commi t. to a corrective WKpC- 2
optical prescription even he fore the final results of a] 1 of these



an ecarl y assessnment of the coni ¢ constant (taken to be -1 .03 35) for
the HST primary, based primari 1 y upon neasurenents of the test
tool ing. 1 f subsequent i nvesti gat i on changed the estimate of the
best. value by a smal 1 amount (which i n fact. i1 did) , an
accommodati on coul d be made: by an adjustnment of the wrpc-2 focus.
Wien this is done, the penal ty in wave. front qua] ity is
insigni ficant, (1 ess than 2/1 000 waves rns)

MEETING NEW AND TI1GHTER AlLIGNMENT TOI.KRANCLS

buri ng the winter of 1990 and the Summer of 1991 great efforts
were expended to determi ne the al | gnment stabi 1 i ty of the canera
usi ng the avai 1 ah) e f 1i ght hardware anti the "on-orbi t" resul t.s. ‘|’ he
pri me concern was the high sensitivity to pupil shear - a 0.004
i nch ( 100 mcron) decenter of the secondary m rror, for exampl e,
woul d unaccepltabl y degrade the performance of the system Fi gure
5 shows the sensitivi ty to mi sal ignment of the key opt i cal and
structural conponents.
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The rami £i cati ons of these concerns were extensi ve. 1 t had
been recogni zed that 1o avoid the i ntruducti on of conm, the
proposed i x of the HSY’s spherical aberrat i on woul d requi re that.
WIKPC-2 be very accurate] y aimed rel ative to the tel escope and that
the requi red accuracy woul d 1i kely exceed the capabi 11 ty of the
three 1 atches that anchor the i nstrument i n p] ace i n the radial bay
of HsT. To al 1 ow for this fact., it was decided early in the program
to provi de an active tip-tilt-. mechanism to adjust. the pickoff
mirror; this woul d permi t. any anti cipated 1 atch error to bhe
corrccted by remote control from the ground.

However, concern al so extended to the abi 1 ity of WkpCc-2to
maint ain it.s al ignment int ernally to the required 1 evel of
accuracy, both duri ng 1 aunch, and i n f] ight. T here was evi dence
that i n WrpbC- 1, the internal al i gnment i n orbit was s) i ghtly
ai f f erent fromthe al i gnment that. had been docunmented just bef ore
1 aunch. This WOU d not have been a probl em i n Wrpc-1 (had the HsT
been perfect) , but might i ndi cate the possi bility of a problemi n
WkFPC-2 because of its new sensitivity to pupi 1 mi sali gnment.

As a resul t of such consi derat iens, JPl, and the sci ence team
deci ded i n Septenber 1991 to recommend that a second 1 evel of
active opti cs be impl emented i n WKPC-2, in the form of actively
tip-tilt. controlled fold mirrorsi n allbut one of the rel ay optics
channel s o:f the i nst rument. 7o compensate for the added cost to
devel 0p and bui 1 d the Active Yol d Mrrors (Ar¥Ms) , the deci si on was
al so nade to e] imi nate four of the original eight channel s of wrprc.
1 n the resul ti ng conf i gurati on, three of the channel s woul d carry
Wde ¥ie] d Camera opti cs, while the fourth woul d carry Pl anetary
Camera optics. I n this arrangement, the act. ive pickof f wirror woul d
guarantee a,] ignment of the channel having af ixed fold mrror. 7The
three AFMs WOUI d guarantee al i gnment. of the. remai ni ng channel s.
These recommendati on were accepted and the task undertaken with
ut nost pri ority.

kEven before the necessi ty of these nmeasures had cone under
seri ous di scussi on Jgpl. had undertaken a study i n co] 1 aboration with
Iitton 1 TEX OQptical Systens begi nning i n June 1 991t0 def i ne a
conceptual approach that. wwul a al 1 ow active contrel of the wWr/pc-2
pupi 1 al i gnment on-orbit. The approach was to capi tal i ze on 1 TEK’s
proven el ectrostri ctive acluat or technol ogy and opt i cal
capabi 1 ities. 7The result. of thi s study, which is di scussed at
l ength i N other papers i n thi s sessi on, demonstrated that acti ve
pupil cont rol was technical 1 y feasibl e. To nake it a real ity
requi red, however, that. 1 TkEX and JPl. work cl osel y together to
devel o, f] ight qualify and del iver a sct of f] ight art. icul ated
f 1 i ght mirrorsi n njine nonths. This required a signifi cant
resource comm i tment anda radi cal 1y di fferent approach to
I mpl ementat i on.  The devel opment of the articul ati ng fol d mirrors




was successful both techni cal ] y and programmati cal] y : the mirrors
were avai 1 abl ¢ when neceded to support the canera bui 1 dup, they were
compl et ed wi thin cost. , and they perforned as adverti sed.

11 remai ns to mention af i nal modif ication that al so stenmed
fromihe very tight, al ignment tol erances in WrpCc-2 . Anmong possibl e
causes of the on-orbit al i gnment vari ati ons suspected i n WrpC-1 ,
the highly compl ex pyramd mrror mechani sm became a 1 eadi ng
suspect . 1 n WFPC-1, this mechani sm provi ded two capabil iti es: by
movi ng the pyrami d mirror axial 1y it. coul d be used to adjust the

f ecus of the i nstrument rel at. i ve to the tel escope, and by rotati ng
the pyramd mi rror 4 45 degreces around its axis i t served as an
opti cal "switch" between the WrCc and pc channel s . The ] atter

capabi 1 ity was no 1 onger needed i n the clc-scoped 4-channel WFpPC-2
conf i gurati on. Mreover, the focus capabili ty coul d no 1 onger be
used | N Wrpc-2, because i f the pyramid were to be noved axial 1 v,
pupi 1 misail ignments woul d be created that woul d give rise to coma
i na] ] fou:r channel s. on the other hand, i f smal 1l adj usiments i n
the f ecus of WrpC-2 rel ati ve to the other i nstruments proved to be
necessary in orbit, the necessary capabil ity exists i n theHus? and
I n COSTAR t.o adjust the focus. Yor these reasons, the deci si on was
ultimate] y reached to repl ace the origi nal pyrani d mechani sm by a
fixed mounting so as to elimnate, insofar as possible, al] risk of
opti cal mi sal i gnment i n the i nstrunent.

AL the present ti me the camera has a] 1 opti cal el ements
i ntegrated and successful 1y tested. The optical performance, is
signif icant] y bett er than ori gi nal | yanticipated The camera i s now
in the final stages of i ntegrat ion. ¥light acceptance? test ing
including a 1 engthy Sci ence Cal i brat i on j n thermal vacuun i s
p] anneal to be compl ete i N early June. Following this, the
i nst rument Wi 11 be shipped to the Gsrc for testing with the HST
simulation equipment to ensure compatibi 1 ity in orbit. The
Servicing Mission is current] y schedul ed for 1 aunch i n 1 ate
November/earl y December 1993, W t1h 1 uck we wi 11 have inmmges by
Chri stmas that demonstrate t he ful 1 capabi li ty of the 2.3 meter
mi rror.
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